Nd values, indicating that neither crustal contamination nor mixing between mantle-and crustal derived melts has been important and that these rock types are likely to have formed by fractional crystallization from a common mantle-derived parent. Some scatter in compatible trace elements, particularly in granites and diorites, may be explained by mixing. Geochemical modelling confirms a comagmatic origin of the suite. Magma generation probably took place in the subduction-modified upper mantle. This mechanism may play an important role in I-type granite petrogenesis in particular tectonic settings such as during an efficient slab roll-back or sinking of oceanic crust in divergent subduction conditions.
Granitic rocks have generally been interpreted as partial melts of crustal rocks, either of sedimentary or igneous origin, or as products of interaction between basaltic melts and crustal rocks (Bateman et al. 1992; Patiñ o-Douce 1995; Collins 1996) . Most of the Lachlan Fold Belt granites in the southeastern Australia are generally believed to have formed by the melting of supracrustal (S-type) and infracrustal (I-type) sources (Chappell 1984; White & Chappell 1983; Chappell et al. 1988) . It is worthwhile to note that the granite classification into Sand I-type granites was initially made by Chappell & White (1974) using Lachlan Fold Belt granites as an example. However, it is now evident that the two granite types in the Lachlan Fold Belt form an overlapping chemical and isotopic array (Collins 1996) , with isotopic ratios typically falling on trends suggesting mixing between mafic magmas and sedimentary melts (Gray 1984 (Gray , 1990 . Igneous enclaves are present within both types of granite, which indicates that more mafic magmas and/or other igneous sources may have been involved in the origin of both types of granitic magma. Collins (1996) interprets S-and I-type granites as belonging to a continuous spectrum, with S-types containing higher proportions of sedimentary material than I-types. However, granitoids which show crustal-mantle isotopic mixing arrays, do not match the predicted trace element mixture. To overcome this controversy, a three-component mixing model has been proposed (Collins 1996; Keay et al. 1997) . This model envisages three endmembers being involved in granite petrogenesis: mantle melts, Cambrian greenstones and Ordovician sedimentary rocks.
Several authors have suggested that chemical variation in some Lachlan Fold Belt granites may reflect fractional crystallization (e.g., Phillips et al. 1981; Clemens & Wall 1984; Chappell et al. 1987; Collins 1996) . In this paper, I present data for the Mt Buller igneous complex in the southern Lachlan Fold Belt and show that granites with I-type compositional characteristics may also form solely through fractional crystallization of mafic mantle-related melt. This is an end-member case for granite formation, but one that may have greater significance worldwide in certain tectonic environments than previously recognized.
Regional geology and field observations
The Mt Buller-Mt Stirling igneous complex (referred to as the Mt Buller igneous suite) lies in the southern portion of Lachlan Fold Belt, in central Victoria (Fig. 1) . The Palaeozoic Lachlan Fold Belt is a part of the Tasman Orogenic Belt that formed along the eastern margin of Gondwana. The Lachlan Fold Belt shows large-scale, protracted (c. 100 Ma period), stepwise, continental accretion related to progressive, massive shortening and structural thickening of a Cambro-Silurian oceanic suite dominated by more than 5 km thick turbidite wedge in the west (Gray 1997; Gray et al. 1997 & references therein) . The surface geology of the fold belt is dominated by an Ordovician turbidite fan, a common structural style of chevron-folds and reverse faults, a low grade of metamorphism (apart from the fault-bounded, amphibolite grade WaggaOmeo metamorphic Belt), and a large volume of granitic/ volcanic rocks, which were predominantly intruded in Silurian-Devonian times (Gray 1997) . Deformation and metamorphism are generally Silurian-Devonian in age across the fold belt, but extend to the Carboniferous in the far east. There has been a controversy regarding the tectonic setting, the processes of orogenies, and the nature of the lower crust of the belt. Recent models involve three subduction zones during the evolution of the belt (Gray 1997; Soesoo et al. 1997) . These models explain the crustal structure and some magmatic features such as extensive granitoid and associated basaltic-andesitic magmatism.
The Mt Buller suite comprises three intrusive bodies (Mirimbah, Mt Stirling and Howqua) which together outcrop over 176 km 2 and show sharp contacts with surrounding Palaeozoic sedimentary country rocks. The present erosional level and metamorphic history suggest that these intrusives were emplaced at about 0.2 GPa. The intrusives consist of a large variety of igneous rock types ranging from minor primitive orthopyroxene gabbros, through dominant quartz-diorites and granodiorites to some evolved leucogranites. Associated dykes range from basaltic to rhyolitic in composition. The Mt Buller granitoids classify as I-type by the classification of Chappell & White (1974) . K-Ar age determinations of Mt Buller granodiorites yield ages of 378 14 Ma (hornblende), and 385 14 Ma (biotite; Richards & Singleton 1981) .
Mt Stirling intrusion
The Mt Stirling intrusion (c. 110 km 2 ) is comprised mainly of homogeneous, hornblende-bearing, fine-to coarse-grained, porphyritic granodiorites. Minor porphyritic, fine-to mediumgrained granites, and aplitic, rhyolitic and dacitic dykes are also present. Plagioclase and hornblende are the predominant phenocryst minerals. Euhedral to subhedral plagioclase constitutes 30-50% of phenocrysts present, sometimes reaching grain sizes up to 15 mm. The larger plagioclase phenocrysts show normal oscillatory zoning, which is often accompanied by twinning. Idiomorphic hornblende (up to 15 mm in size) constitutes about 0-25% of the rock and contains inclusions of Fe-Ti oxides, plagioclase and apatite. Anhedral to subhedral brown biotite constitutes 1-10%, reaching grain sizes of 3-9 mm. The groundmass is dominantly composed of quartz, alkali feldspar, plagioclase, biotite, hornblende and Fe-Ti oxides.
The Mt Stirling granodiorites contain darker coloured mafic igneous enclaves. The enclaves, ranging in size from few centimetres to several metres, are very fine to medium grained, commonly with chilled margins, but sometimes with diffuse margins against the host. The mineralogical components of enclaves resemble that of the host granodiorite. No large gabbro or diorite intrusions within the Mt Stirling intrusion have been found.
Mirimbah intrusion
Three rock units can be distinguished within the Mirimbah intrusion (60 km 2 ): (1) a large body (two-thirds of total outcrop) of granodiorite; (2) a more mafic northern section with gabbro and quartz-diorite and (3) a central granite body. Microgranular mafic enclaves constitute up to 1% of the outcrop in some areas and virtually all appear to be of igneous origin.
The Mirimbah gabbro and quartz-diorite, showing both gradational and sharp contacts are coarse to medium grained, slightly porphyritic rocks, locally with subophitic textures. They contain augite, hypersthene, hornblende, plagioclase, biotite, quartz and Fe-Ti oxides. Hornblende commonly has augite or hypersthene cores. The Mirimbah granodiorite is a medium-to coarse-grained, slightly porphyritic rock, mineralogically resembling the Mt Stirling granodiorite. Euhedral hornblende and plagioclase are the common phenocrysts, while alkali feldspar and quartz are mostly interstitial. The Mirimbah granites are medium to fine grained with plagioclase as the only phenocryst phase. Subhedral potassium feldspar, plagioclase, muscovite and biotite, and anhedral quartz and Fe-Ti oxides, are the principal minerals. Rare large hornblendes (1.5-2 cm across) are sometimes present.
Howqua intrusion
The Howqua intrusion (4 km 2 ) consist of a variety of rock types ranging from gabbro-norite, through quartz-(monzo)diorite, granodiorite to granite. The rocks are cut by a few dacitic, andesitic, and basaltic dykes. The gabbros and quartz-diorites consist of subhedral to anhedral augite and hypersthene, and euhedral plagioclase with grain sizes between 0.5 and 4 mm. The quartz-diorites and tonalites contain minor euhedral to subhedral augite and hypersthene, while plagioclase, quartz and alkali feldspar dominate. Hypersthene is often replaced by hornblende. Sub-to euhedral biotite is a common phenocryst phase. The groundmass contains plagioclase, quartz, alkali feldspar, augite, hornblende, biotite, apatite and Fe-Ti oxides. The granodiorite and granite contain hornblende phenocrysts. Hypersthene is lacking, while minor augite is occasionally present. Sometimes the rock contains up to 60% of phenocrysts of feldspar, hornblende and biotite. Howqua felsic rocks resemble those of the Mt Stirling and Mirimbah intrusions. Both sedimentary wall-rock xenoliths and microgranular mafic enclaves with igneous origin are observed within the felsic part of the intrusion.
Because a poor outcrop within the entire Mt Buller area, it is difficult to study field relationships in any detail. The basic points may be summarized as follows. There are both gradual and sharp contacts between the mafic and felsic rock types; however the sharp contacts seem to dominate. This suggests that magma fractionation mostly took place at deeper than the emplacement level, with only local fractionation within the gabbroic and quartz-and granodioritic rock groups. In some places, in the Howqua for instance, mafic rocks form stratigraphically higher sections, while granites are emplaced below and intrude the gabbros. In the Mirimbah intrusion, there is a clear contact between microgabbro and fine to mediumgrained quartz-diorite that may indicate that both gabbroic and dioritic magmas were involved.
Samples and analytical methods
The samples analysed in this study come from the three individual intrusions and cover a large range of rock types such as gabbros, basaltic dykes, quartz-diorites and granodiorites and granites. Wholerock analyses for major and higher abundance trace elements were performed using XRF spectrometry in the School of Earth Sciences, LaTrobe University, Melbourne. Rare earth elements (REE) were analysed using inductively coupled plasma mass spectrometry (ICP-MS) at Monash University, Melbourne. Calibration curves are based on rock standard BCR-1 and corrections for instrumental drift were carried out using repeated analyses of dummy standards and the use of an in-house In standard. Mineral analyses (EDS) were performed using the ARL-SEMQ2 microprobe at Monash University working at 15 kV accelerating potential and 15 nA beam current with a counting time of 100 seconds. Natural minerals were used as standards. Sr and Nd isotopes were measured using a Finnigan-MAT thermal IR multispectral scanner, LaTrobe University. La Jolla standard for Nd and NBS SRM987 standard for Sr were used and normalized to 
Mineral chemistry
Plagioclase and pyroxene were analysed in selected rocks in order to assess their compositional range and the conditions of crystallization.
Plagioclase
The Mirimbah gabbro contains unzoned or weakly normally zoned plagioclase (An 77-50 ), while plagioclase in the gabbro is homogeneous and has a narrow compositional range of An (Fig. 2) . The plagioclase of the Howqua hypersthenebearing gabbro shows a large compositional range (An 80-53 ) with both normal and reverse zoning occurring. Some coarse plagioclase crystals exhibit very distinctive reverse zoning from a core of approximately An 50 to a rim approximtely An 70 . Quartz-monzodiorites and granodiorites from the Howqua and Mt Stirling intrusions have less anorthitic and mostly unzoned or normally zoned plagioclase of An .
The distribution of An-numbers of plagioclase cores in the Mirimbah and Howqua mafic rocks are very similar (Fig. 2) . It is important to note that few (0-5%) high-An cores (68) (69) (70) (71) (72) ) are also present in most of the evolved samples investigated. These cores are too anorthitic to be crystallized from felsic magmas and may represent cores incorporated during the fractionation of more mafic melts. 
Pyroxene

Whole-rock geochemistry
Representative compositions of the Mirimbah and Howqua gabbros, diorites, Mt Stirling mafic and felsic enclaves and granites are presented in Table 1 . The fact that some finegrained gabbros (microgabbros) have similar composition to the gabbro average indicates that cumulate process did not significantly affect the chemistry of the rocks.
The most primitive (high-magnesian) dyke of the Mt Buller suite is found within the Howqua intrusion. Late aplitic dykes in the Mt Stirling intrusion are the most evolved granites (78 wt% SiO 2 ). Most of the major elements in gabbros to evolved granites provide reasonable linear trends when plotted in Harker diagrams, however, for some elements (e.g., Na 2 O, MgO) inflections are evident (Fig. 3) . Scatter is observed in Ni, Cr, Ce, Y and Sr abundances (Fig. 4) In Fig. 5 , the average compositions of the Mt Buller rock types are normalized to primitive mantle values (McDonough et al. 1992) . There is a good consistency in trace element geochemistry between the Howqua, Mt Stirling and Mirimbah dioritic and granitic rocks while Mirimbah gabbros have higher abundances of Rb, K and Sr than other gabbros. This may be caused by extensive plagioclase fractionation (high Rb, Sr) and alteration (high K). Because the poor outcrop and scattered sampling, these average gabbro compositions may not be representative for individual intrusions. The mafic enclaves within the Mt Stirling granodiorites exhibit geochemical similarities with dioritic rocks of all three intrusions investigated, but are slightly more depleted in potassium. The Mt Buller rocks show distinct Nb and slight Ti anomalies when normalized to primitive mantle compositions, which is a geochemical indication for involvement of a subduction-type environment. This is also in agreement with recent tectonic models for the Lachlan Fold Belt proposing that formation of Silurian-Devonian igneous suites occurred in a subductionrelated environment (Gray 1997; Soesoo 1997; Soesoo et al. 1997) .
Sr-Nd isotope geochemistry
Gabbros and a primitive dyke from the Howqua, gabbros from the Mirimbah, granodiorite and mafic and felsic enclaves from the Mt Stirling intrusions have been analysed for Sr and Nd isotopic composition ( (Fig. 6 ), which indicates that combined assimilation and mixing is not the case and these rocks may be derived from a single parent through simple fractional crystallization. The Woods Point dykes and the dyke from Howqua are exeptions indicating that at least some rocks may have been affected by local crustal contamination. However, the Woods Point dykes are hydrothermally altered, which may reset initial 87 Sr/ 86 Sr values, whilst the Howqua samples do not show alteration. The major conclusion from the Sr-Nd isotopic systematics is that Mt Buller gabbros, diorites and granites can be genetically linked and may be derived through simple fractional crystallization with a very limited crustal contribution.
Discussion
The nature of the lower crust and source for the granitic rocks of the Lachlan Fold Belt is hotly debated during the last three decades both within the Australian geological communities and worldwide. There are two contrasting 'schools' of opinions about the nature of the Lachlan Fold Belt basement: those favouring the oceanic settings and those favouring the continental. As the oldest exposed rocks in the belt are Cambrian low-Ti andesites, boninites and tholeiitic basalts, many geologists suggest that these rocks represent portions of oceanic substrate (e.g., Crawford & Keays 1978; Crawford et al. 1984; Gray 1997) . The other group of geologist strongly infer a Proterozoic continental crust (e.g., White et al. 1976; Cas 1983; White & Chappell 1983; Chappell et al. 1988) . The geochemical variations observed within different granite suites of the Lachlan Fold Belt have been used to suggest that there is (e.g., White & Chappell 1983; Chappell et al. 1988) or is not (e.g., Gray 1990) Proterozoic continental basement underneath the Lachlan Fold Belt.
Proterozoic Nd T DM model ages have been used to argue for the presence of Proterozoic crust (McCulloch & Chappell 1982; Eberz et al. 1990 ). However, if granites are formed by magma mixing, Nd model ages appear to be senseless because the mixed isotopic values. Gray (1990) Sr isotopic compositions of other exposed Proterozoic terranes in Australia.
Zircon inheritance patterns within granites and microgranitoid enclaves may provide further evidence regarding the age and nature of the lower crust beneath the belt. The similarity of zircon inheritance patterns between S-and I-type granites suggests that the sedimentary source component is the Ordovician turbitite throughout the Lachlan Fold Belt (Collins 1998). Recent studies (e.g., Anderson 1997) have shown that some enclaves show a similar pattern of zircon inheritance to their host granites and the Ordovician turbidities, the youngest zircon population indicating that the crustal material sampled by the metasedimentary enclave may be no older than Ordovician. However, some metasedimentary enclaves lack Ordovician zircon group suggesting that these enclaves may represent portions of Cambrian sediments which may have undergone anatexis to form granites (Anderson 1997) .
There are three models for the Lachlan Fold Belt granite petrogenesis. The restite model (White & Chappell 1977; Chappell et al. 1987 ) implies a single source for granitic rocks and presupposes that the composition of granite source material may be calculated, i.e. that the granites chemically 'image' their source. Based on this model, a Proterozoic crustal source has been proposed for many S-type granites in the Lachlan Fold Belt. The linear chemical variation within the granitic suites has been explained by restite unmixing. However, there is a problem with Precambrian basement and the single source model. Chemical trends for S-type granites do not project back to any known major sediment composition in eastern nor central Australia (Collins 1996) . Another difficulty is that in explaining the lack of obvious restite. The restitic component was initially considered to be represented by mafic microgranitoid enclaves within granites (e.g., White & Chappell 1977; Chappell et al. 1988) . However, it has now been well established that most of these mafic microgranitoid enclaves are igneous rather than metamorphic/sedimentary (e.g., Vernon et al. 1988; Elburg 1996) . Sr-Nd isotopic data fail to explain distinct differences between S-and I-type granites. Instead, both types of granite fall on the same Sr-Nd isotopic array (see McCulloch & Chappell 1982; Gray 1984; McCullock & Woodhead 1993 ). This array is unlikely to be produced by melting of contrasting sources for S-and I-type granites. Also trace element geochemistry of these granite types requires input from several source components (Collins 1998). These questions led to a development of another model, which assumes that the magma source is a mixture of two end members. Gray (1984) suggested that mixing of partial melts of Ordovician metasedimentary rocks and basaltic magmas might produce the large variety of granites ascribed in the Lachlan Fold Belt. The chemical variation observed may thus be a result of both different proportions and different chemistry of end members. According to this model, the modal mineralogy of a granite suite does not reflect the composition of the source. Thus low-silica granites were dominated by basaltic magmas and should be hornblende bearing (I-type), while silica-rich granites were formed by the dominance of metasediments-derived melts (S-type) and should contain cordierite instead of hornblende. This model has two major consequences. Firstly, it is not necessary to postulate the presence of Precambrian continental crust, but crustal thickening of Ordovician sedimentary pile is necessary to gain the stratigraphic depth of c. 20-25 km that is appropriate for melting. Secondly, the model involves basaltic magmas that contribute energetically, mechanically and chemically to granite petrogenesis. However, there is a problem in compiling isotopic and trace element data in order to model chemical variation in granite suites and assuming that granites are the mixtures between basaltic melts and partial melts of metasedimentary origin. Trace element and isotopic data require that the system is open, i.e. input from several (>2) Table 3 ). Percentages indicate fractionation in wt% (50% dioritic; 70% granodioritic rocks). source components to explain the observed chemical variation.
Three component mixing model was proposed by Collins (1996) and Keay et al. (1997) in order to overcome discrepancies between isotopic and trace element modelling data for the Lachlan Fold Belt granites. This model proposes that the isotopically primitive end member (depleted-mantle-derived basaltic magma, as suggested by McCulloch & Chappell (1982) and Gray (1984) ) is itself a mixture of lower crust and mantle with tonalitic chemistry (Collins 1996 (Collins , 1998 Keay et al. 1997) . This model also requires a mafic igneous lower crust. A good candidate for this component is the Cambrian greenstone succession that is believed to underlie the ubiquitous Ordovician sedimentary rocks in the Lachlan Fold Belt. A third component is required to extend the Sr-Nd isotopic array toward the isotopically evolved end member. This end member is likely to be Ordovician sedimentary rock or older supracrustal rocks.
In this way, the three component mixing model suggests that I-type magmas are formed in lower crust by mixing of basaltic magmas with partial melts derived from the greenstone succession and variably contaminated by partial melts and enclaves of Ordovician sedimentary rocks. When the relative proportion of sedimentary-rock-derived melts (and unmelted particles) becomes dominant, the resulting magma shows peraluminous S-type characteristics and restitic component may be retained (Collins 1998) . Unfortunately, it is very difficult to quantify the proportions of the end members involved using this model.
Simple fractional crystallization may be responsible for chemical variation in some Lachlan Fold Belt granites as suggested by Clemens & Wall (1984) and Collins (1996) . The fractional crystallization model is preferred to explain the evolution of Mt Buller rocks.
The Mt Buller igneous suite consists of a broad range of rocks, ranging from primitive gabbros (MgO] 
Fractionation of mantle derived magmas: modelling results
A model of fractional crystallization is tested to assess whether Mt Buller gabbros, diorites and granitoids could be genetically linked to a single parental magma. The possibility of simple fractional crystallization is supported by (1) reasonable fractionation trends in major and trace element abundances within the rock suite ( Figs 3 & 4) ; (2) similar Sr-Nd isotopic systematics of all studied rock types including enclaves (Table 2) ; (3) a strong similarity of REE patterns and incompatible element ratios between the gabbro and quartz-monzodiorite (Soesoo 1997). Somewhat similar, linear trends of chemical elements can be produced by magma mixing of, for instance, mantle derived and crustal magmas. However, the isotopic similarities between the Mt Buller gabbro, diorite and granodiorite/granite preclude such mixing. The mixing hypothesis has been studied using plots of trace element ratios. In the Fig. 7 , Rb/Ba has been plotted against Ti/Y. Simple mixing of mantle-and crustal-derived magmas will lead to curved mixing arrays on such a plot. However most of Mt Buller rocks plot as a cluster which is characteristic feature of fractionation. A similar topology is obtained when plotting Rb/Ba v. Th/Nb (not shown). Incompatible trace element ratios are robust during early and intermediate stages of fractionation and should not change much on type of plots like Nb/Zr v. Nb (Fig. 8) . The scatter of Nb/Zr ratios of Mt Buller rock types is larger within the particular rock type than between the different rock types suggesting that the chemistry of these rocks may have mainly been controlled by fractionation instead of differences in partial melting of source rock or mixing processes.
Two fractionation histories were studied: (1) decompressional fractionation from an initial pressure of 1.0 GPa to a final 0.2 GPa (0.03 GPa per 10 C), and (2) isobaric fractionation at 0.2 GPa. It is plausible that the parental magma for the Mt Buller suite was similar to non-cumulate fine-grained gabbro composition. This hypothetical composition of magmatic liquid, for the Mt Buller rocks and the compositions of the fractionated rocks are presented in Table 3 .
Subsequently, the composition of hypothetical parental magma has been modelled using the  (Ariskin et al. 1993 ) and  (Ghiorso & Sack 1995) software packages. Although these software packages are successful in predicting mineral and liquid compositions, one should take care in interpreting the results.
The water content of the initial magma at 1 GPa was set 0.5 wt%, and 2 wt% for subsequent low pressure fractionation. Oxygen fugacity for both runs was at the QFM buffer, which is consistent with natural mineral assemblages. The natural and modelled variation of some major and trace element contents are shown in Fig. 3 & 4 , while the calculated and natural Ce and Nb abundances are separately shown in Fig. 9 . The latter shows that the incompatible element compositions in natural rocks can be modelled by fractional crystallization. The scatter is most likely to be related to different amount of accessory mineral precipitation and/or oxide mineral and amphibole abundances.
The hypothetical parental magma has a liquidus temperature of 1310 C at 1 GPa. The decompressional fractional crystallization model gives a high anorthite values (An 80 ) for the first plagioclase to crystallize at a temperature around 1200 C, while An 65 plagioclase is in equilibrium with liquid which contains 53wt% SiO 2 and 4.1 wt% MgO. Both Mirimbah and Howqua gabbros have a population of high-An Nd= 0.000015. Nd (T) and T DM as given by DePaolo (1981) . Initial isotopic ratios calculated at 390 Ma.
Fig. 7.
Nb versus Nb/Zr plot of Mt Buller rocks. Since the Nb/Zr ratio is immune to the effects of alteration and fractionation, it should not change much if these rock groups are the results of fractional crystallization. Mixing of distinct magmas and differences in source melting will produce inclined arrays.
plagioclase cores (see above & Fig. 2 ) with distinct normal zoning which altogether may indicate that these anorthitic cores were crystallized at the early stages of fractionation with later growth accompanied by decreasing contents of Ca and other refractory elements in the magma. Olivine crystallizes over a high pressure and temperature interval of around 1290-1120 C, but is partially resorbed. The system contains 92-88 wt% of liquid with a composition very similar to the Mt Buller gabbros at the estimated emplacement level of around 0.2 GPa and 1100 C. Equilibrium solid phases are represented by olivine (Fo 75 (Table 3) , there are some differences in mineralogical composition such as a lack of low-Ca pyroxene, pigeonite, and the presence of subcalcic augite. The latter is a possible result of subsolidus replacement of primary pigeonite, which is unstable under plutonic conditions. Granodioritic compositions can be modelled by c. 70 wt% of fractionation (Table 3) .
Intermediate pressure crystallization of the basaltic magma is required to explain some pyroxene compositions. Orthopyroxenes within the Mt Buller gabbros have compositions of En 69-72 Fs 28-22 Wo 4-2 , which is different from En 58 Fs 41 Wo 1 expected for Opx crystallizing at 0.2 GPa. Observed Opx composition can be, however, readily modelled by crystallization at 0.5-0.6 GPa in an assemblage of Ol-Cpx-Opx-Sp. Therefore, it is suggested that this Opx has crystallized at intermediate pressure and was later enclosed by low pressure augites during the final crystallization at the upper crustal level. Some endiopsidic-subcalcic augites, which commonly form cores within calcic augites, may also have derived from earlier intermediate pressure crystallization. The calcic plagioclase in granodioritic/granitic rocks are cleary derived from a much more mafic stage of magma evolution at intermediate pressure.
Most of the Mt Buller igneous rocks are crystallized at low pressure (around 0.2 GPa) with occasional retention of a few individual minerals phases which were crystallized at intermediate pressure. The average natural and modelled diorite and granodiorite compositions are presented in Table 3 . For the majority of elements, the modelled abundances correspond well with abundances observed within the Mt Buller suite.
Magma mixing versus fractional crystallization
Magma mixing is an attractive hypothesis to explain chemical variations in igneous rocks, particularly in granites. Unfortunately this term is sometimes misused in literature. Here, the term 'mixing' refers to any combination of two or more components, such as liquids and crystals, or liquid and liquid and crystals etc. Strictly speaking, most geological processes involving melts and temperature gradients are a subject of mixing. For example, melt generation through partial melting is likely to be a combination of continued mixing of small melt pockets. This is the case for fractional crystallization where only an ideal case of crystal fractionation may preserve the strict boundaries between crystallized phases and melt (and even that may not be valid when only a small percentage of melt is left).
Many authors have suggested that mafic microgranular enclaves are a result of mingling of mantle-derived melts and felsic crustal melts (Vernon 1983; Elburg 1996) , which can explain inconsistencies in mineral chemistry within intermediate and felsic rocks. Another possibility to generate several peaks in the distribution of mineral compositions is to invoke incestuous mixing, i.e. the mixing of earlier solidified crystals with the same, but more evolved, magma. This can be illustrated by different generations of plagioclase (Fig. 2) and pyroxenes, sometimes with distinct zoning patterns within the dioritic and granitic rocks. The Mt Buller granodiorites and granites contain high-An (An 73-69 ) plagioclase cores, which are not likely to crystallize from andesitic magma. Also some Lachlan Fold Belt gabbros (e.g., Blind gabbro, Jindabyne Buller rocks mostly form a cluster which is characteristic for suites derived from fractional crystallization of a common parental magma. Mixing will lead to curved mixing arrays, which are not observed in this plot. suite; Cousins 1996) and granodiorites (Warburton granodiorite; Elburg 1996) contain plagioclase cores with very high An numbers, occasionally reaching An 94 , which are unlikely to be the result of crystallization from those magmas.
Cr and Ni contents in granites are highly dependent on hornblende/Fe-Ti oxide contents and therefore sampling bias is another important factor to consider when interpreting chemistry data. The scatter in Cr content within the Mt Buller suite is always larger than that of Ni. As Cr partition coefficients are usually twice as high as Ni for these minerals, the observed variation most likely reflects modal abundances of Fe-Ti oxide and amphibole. Much less than 10 wt% of 'foreign' amphibole/oxide, mixed into a granodioritic/granitic magma, can cause a distinct increase of Cr and Ni in the crystallizing rock.
Despite the fact that fractional crystallization is the most important process controlling the geochemical variation within the Mt Buller suite, incestuous mixing may contribute to this variation. The extent of such kind of mixing is difficult to quantify because of the sampling specifics (sample location, sample size etc.) and probabilistic nature of a 'foreign' crystal distribution. In the case of fractional crystallization of a single parental magma, the problem can be solved, to some extent, with trace element geochemistry. This is illustrated in Fig. 10 , where the fraction of melt remaining in the crystallizing system has been plotted against the content of Ni. This figure shows that the large variation in Ni content within the Mt Buller diorite and granodiorite can be explained by mixing of fractionated felsic magmas with earlier crystallized mafic minerals. Ten percent of earlier crystallized mafic minerals (amphibole, magnetite, clinopyroxene) needs to be added to obtain the highest Ni values observed within the Mt Buller granites (20-25 ppm) . It can also be seen in Fig. 10 that the estimate of the bulk partition coefficient of Ni strongly affects the interpretation of the fractionation history. However, it is not easy to estimate this coefficient because (1) P-T-dependence and discrepancies within experimental data (for instance, Ni partition coefficients between mafic melt and clinopyroxene vary from 1.5 to 14; Rollinson 1993); (2) partition coefficients are dependent on magma chemistry, i.e. Ni partitioning between felsic melt and mineral is different from that of mafic melt and mineral. Therefore, Fig. 10 may give an abstract idea of how limited mixing may affect the chemistry of fractionated felsic rocks, while the absolute values may be meaningless. It is interesting to note that the minimum abundances of Ni within the Mt Buller gabbros, diorites and granites correspond with estimated Ni abundances in evolving magmatic liquid when the bulk partition coefficient is 5 (Fig. 10) .
The role of crustal contamination
The effects of crustal contamination are only briefly treated in this study. Relying upon the limited Sr and Nd isotopic systematics of the Mt Buller rocks, one can conclude that crustal contamination has played a minor role. Most of the mafic to felsic rocks do not show positive correlations between initial 87 Sr/ 86 Sr and SiO 2 as would be expected from combined assimilation and crystal fractionation (Fig. 6 ). This implies that the magma chemistry was effectively controlled by fractional crystallization only. The two dyke samples from the Woods Point dyke swarm and one evolved gabbro show much higher Sr isotopic ratios. It is not entirely clear how much these ratios are changed by alteration effects or to what degree assimilation was involved. Assuming that the Woods Point For mafic magmas, that originate within the upper mantle and immediately move upwards to their final emplacement level, there may not be enough time to assimilate wall-rock. Assimilation is more effective when mafic magma is trapped in a magma chamber within the lower/middle crust. Isotopic systematics shows that most of the Mt Buller rock types experienced only minor crustal assimilation. However, the assimilant is difficult to establish when it is geochemically similar to the primary magma composition. Some Cambrian Howqua greenstones, which underlie the sedimentary rocks of the area (Crawford & Cameron 1985) , are geochemically and isotopically indistinguishable from the mantle-derived magmas. Despite the fact that the Mt Buller rocks show primitive, mantle-like isotopic signatures, we do not have unequivocal evidence about the very early history of the most primitive magmas. It cannot be ruled out that the composition of the primary magma was modified by assimilation near or at the upper mantle-lower crust interface.
Geochemical characteristics (e.g., negative Nb and Ti anomalies) of the Mt Buller mafic-intermediate igneous rocks indicate the influence of subduction on mantle magma sources during the evolution of the Lachlan Fold Belt, although it is not clear whether this subduction was necessarily concurrent with the emplacement of these rocks. According to the model of Soesoo et al. (1997) , the Mt Buller complex was developed during closure of oceanic basin and subsequent detachment of oceanic plate. It is evident from the geochemical data (Tables 1  & 2 Nd ratios compared to magmas derived from the depleted mantle. In Fig. 11 Sr ratios do not agree with extensive assimilation of continental crust. These isotopic compositions are similar to Kerguelen and Walvis Ridge basalts (Storey et al. 1988 ) and its sub-oceanic lithosphere (Vance et al. 1989) or young volcanic arc basalts, Lesser Antilles, for instance (White & Pachett 1984) . It is possible that Mt Buller mafic magmas were derived from the mantle source, which was prior modified by subduction-driven fluids and possibly melts. However, the minor contribution of partial melting of oceanic basaltic crust and incorporated sediments is possible but difficult to constrain due to very limited range and number of isotopic analyses. Pb isotopic system could be in great help in order to establish the characteristics of mantle source and magma mixing scenarios at Mt Buller.
Implications for I-type granite petrogenesis in Lachlan Fold Belt and elsewhere
The I-type granite suites in the southern Lachlan Fold Belt have only minor mafic counterparts (mafic dykes and/or (Table 3) as exemplified by Ni concentration in remaining liquid. Thin lines show the Ni abundances in evolving magma system with different proportions (5-15 wt%) of mixing of earlier crystallized phases. It has arbitrarily been assumed that mixed crystals are crystallized at the stage of 20% of fractional crystallization. Note that the scatter of Ni abundances in Mt Buller gabbro, diorite and granite can be best described by 0-15 wt% of mixing if bulk partition coefficient for Ni is 5. Shaded area corresponds to the Ni abundances in the natural rocks. enclaves) exposed, and thus the identification of any relationship between felsic and mafic magmas is hindered or impossible. However, the occurrence of cogenetic mafic plutons within the granitic suites in the deeper crust is possibly more widespread than one can see at the exposed upper crustal level, especially given thermal requirements. In this respect, the Mt Buller igneous suite provides a unique opportunity to study fractionation processes. Other somewhat similar geological observations have been made on the Moruya suite in central eastern part of Lachlan Fold Belt (Keay et al. 1997; Collins 1996) . This suite contains a gabbroic component and shows similar primitive isotopic compositions to the Mt Buller.
It is interesting to note that the isotopically most primitive compositions in both intrusions are obtained from dykes and they show somewhat similar geochemical characteristics. The Mt Buller sample HQ18 and the Bingie Point, Moruya sample BN11 (Keay et al. 1997 Sr values of 0.70374 and 0.70388, respectively, and Nd values of +5.6 and +8, respectively. The geological evolution of the Moruya gabbroicgranitic suite remains controversial: these granitoids were first used as a type example of restite-controlled chemical variation where most mafic rocks were not considered as a part of a common magmatic picture (White & Chappell 1977) . Later Keay et al. (1997) found that mafic rocks and tonalites co-exist, and the tonalite parent was derived as a mixture of mantle and crustal melts. This also lead to the suggestion that these rocks are a result of fractional crystallization of a single parental magma (Collins 1996) .
The chemical variation within the Mt Buller rocks, however, can be modelled through simple fractionation of mantlederived precursor assuming a polybaric fractionation history. Concurrent fractionation, ascent and restricted mixing between evolving liquid and earlier fractionated crystals explains most of chemical variation in granites and there is no need for Ordovician sediments to be incorporated, nor to invoke restite unmixing. However, the evolution of any magmatic system is a dynamic process with a number of magma batches, which indeed may follow somewhat different evolutionary trends. Thus, it is not excluded that some batches of magma interacted with sedimentary rocks.
At Mt Buller, and probably also at Moruya, fractionation reached granitic compositions, but all intermediate stages, ranging from gabbros to granodiorites, are also represented. Other similar I-type granite suites in the Lachlan Fold Belt may also have been derived by fractionation from a mafic precursor. In most cases, mafic enclaves are the only remaining representatives of early and intermediate stages of fractionation.
Conclusions
The Mt Buller igneous suite in the southeastern Lachlan Fold Belt consist of a large variety of rock types, from gabbros through diorites to granites, in addition to the igneous enclaves. Sr-Nd isotopic data suggest that both gabbro and diorite intrusions and mafic and felsic enclaves are genetically related. Sr value, neither between silica and Nd indicating that neither crustal contamination nor mixing between mantle-and crustal derived melts has been important and that these rock types are most likely to have formed by simple fractional crystallization from a common mantle-derived parent. Geochemical modelling suggest that there are at least two stages of fractionation within the suite, an intermediate pressure fractionation, probably in the lower crust, and low pressure fractionation. The magma generation probably took place in the subduction modified (enriched) upper mantle during the cessation stage of subduction. I suggest that the mechanism described above may be responsible for some isotopically primitive I-type granite petrogenesis in the Lachlan Fold Belt and elsewhere within a similar tectonic framework.
